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ABSTRACT

Near Minimum-Time Maneuvers of the
Advanced Space Structures Technology Research Experiment
(ASTREX) Test Article:

Theory and Experiments

The Phillips Laboratory at the Edwards Air Force Base has developed the Advanced Space
Structures Technology Research Experiment (ASTREX) facility to serve as a testbed for
demonstrating the applicability of proven theories to the challenges of spacecraft maneuvers and
structural control. This report describes the work performed on the ASTREX test article by Texas
A&M University under contract NAS1-19373 as a part of the Control-Structure Interaction (CSI)
Guest Investigator Program. The focus of this work is on maneuvering the ASTREX test article
with compressed air thrusters that can be throttled, while attenuating structural excitation. The
theoretical foundation for designing the near minimum-time thrust commands is based on the
generation of smooth, parameterized optimal open-loop control profiles, and the determination
of control laws for final position regulation and tracking using Lyapunov stability theory. Details
of the theory, mathematical modeling, model updating and compensation for the presence of
“real world” effects are described and the experimental results are presented. The results show an
excellent match between theory and experiments. Considerable leakage of the compressed air
supply limited the “size” of the maneuvers and also adversely affected the fine-pointing

accuracy.
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1.0. INTRODUCTION

Optimal large-angle maneuvering of rigid and flexible spacecraft has been a topic of interest for
more than a decade.l"8 Many current and future spacecraft require rapid large-angle
maneuvering with vibration suppression during and after the maneuvers. Control designers are
faced with the challenging problem of Control-Structure Interaction (CSI) due to increasing size-
to-weight ratios and rapid maneuvering and precision pointing requirements. This report
presents the activities of Texas A&M University under the Phase Il NASA/DOD CSI Guest
Investigator Program. The primary focus of this work was to demonstrate experimentally some of
the significant theoretical advances on the design of control laws for maneuvering large space
structures. The ground test facility selected for this purpose was the Advanced Space Structures
Technology Research Experiment (ASTREX) facility developed by the Air Force Phillips

Laboratory at the Edwards Air Force Base.

The techniques implemented on the test article were near minimum-time open-loop control with
torque smoothing and Lyapunov final position regulation and tracking control. The connection of
the primary structure to the support pedestal with a slight center of gravity (c.g.) offset from the
pivot point resulted in a very low frequency pendulum mode at approximately 0.05 Hz besides
numerous structural modes in the range of 3.5-50 Hz. In order to reduce the complexity of the
control laws, the control design was based on a rigid body model but torque-smoothing was used
to minimize structural excitation. The actuators available for maneuvering were compressed air
thrusters that could be throttled to produce continuously-varying thrust. Although rate sensors
were available for use, their low frequency characteristics made them unsuitable for providing
rigid body rates. The feedback control laws were implemented using attitude measurements and

rates were estimated by filtering the attitude measurements.

Considerable leakage in the plumbing of the thruster system prevented "large” maneuvers from
being performed. Furthermore, stray voltages in the control electronics produced erratic thruster
firings leading to unacceptably large motions of the structure. To avoid possible damage to the
structure, the maximum input voltage was limited, which consequently limited the "size" of the
maneuvers. In spite of these difficulties, the control laws worked remarkably well, as shown in

the experimental results.

This report begins with the description of the ASTREX test structure, its subsystems and the
governing equations of motion for its dynamics in Section 2.0. Section 3.0 presents the

parameterization and optimization algorithm for the open-loop control, as well as the design and
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the computational aspects for the Lyapunov-based control laws. Section 4.0 describes the initial
open-loop control experiments, model refinement, and the results obtained based on the refined
model. Section 5.0 presents the feedback control experiments that include tinal position
regulation and tracking control laws to achieve fine pointing. The authors’ concluding remarks

and suggestions for future work are presented in Section 6.0.



2.0. THE ASTREX TEST ARTICLE

The ASTREX (Advanced Space Structures Technology Research Experiment) test article at
Phillips Laboratory, Edwards AFB, CA, is a dynamically-scaled structural model of a 3-mirror
space-based laser beam expander. Its mass is approximately 4106 kg (9033 Ib).? The test article is
balanced on a three-axis air-bearing system that applies a 100 psi compressed airflow cushion
under a hemispherical ball mounted at the top of a 5-meter vertical pedestal. Figure 2.1 shows a

diagram of the test article which denotes its components and three major sections:

1. The Primary Structure is a 5.5-meter diameter truss that includes six sets of steel
plates mounted on its face to simulate the primary mirror and two cylindrical
masses mounted on its sides to simulate tracker telescopes. Both the thrusters

and the control moment gyros (CMGs) are mounted on this structure.

2. The Secondary Structure is a triangular structure which houses the reaction
wheel actuator and the masses designed to simulate the secondary mirror. The
Secondary Structure is attached to the Primary Structure with a tripod
formation of three 5.1-meter graphite epoxy tubes. These graphite-epoxy tubes
were designed by TRW with embedded sensors and actuators for vibration

suppression.

Tertiary Structure

Steel Plates

Control
Moment Gyros

Tracker —

Telescopes

Air Tanks

Graphite Epoxy Tube
Pedestal

Figure 2.1. Components of the ASTREX Structure



3. The Tertiary Structure is a structure designed to hold the electronics and
power supply for the data acquisition and control system and other masses to

balance the secondary mirror.

Other subsystems of the ASTREX test article include the Cold Gas Reaction Control system, the

control moment gyroscopes, the Control and Data Acquisition Computer, and the cable follower.

The Cold Gas Reaction Control system, which consists of four pairs of 900 N (200 1bf) thrusters
and six pairs of 36 N (8 Ibf) thrusters mounted on the edges of the hexagonal primary structure,
uses pressurized air to provide thrust. Pressurized air, with a maximum pressure of 480 psi, is
supplied to the thrusters from two 30 gallon tanks inside the hub through a series of air hoses,

ball valves and air filters.

The real-time Control and Data Acquisition Computer (CDAC) acquires data from the position
encoder, the rate sensors and linear accelerometers on the ASTREX structure and commands the
thrusters using MatrixX/Autocode software on a VAXstation 3100 workstation. The CDAC
includes a VAXstation 3100 workstation as a front end, an INTEL 80386/ Weitek 3167-based
parallel processor unit, and an input/output unit having 32 input and 32 output channels for
analog data as well as 64 bits of digital I/O. A high speed data link connects the CDAC
input/output unit mounted on the tertiary structure with the parallel processor unit on the

ground .

The actively-controlled, double-gimbal 3-axis cable follower is named for its main function of
moving attached electrical, pneumatic, and communication cables to track the rigid-body
movement of the ASTREX test article. This prevents these hanging cables from twisting or
stretching, which would subsequently cause a resisting moment to the ASTREX structure

movement.

Figure 2.2 shows the two inertial reference frames that are used to denote the current position
and velocity of the ASTREX test article. The attitude of the airbearing is determined using three
optical position encoders, mounted on the cable follower, which record the position counts with a
sensitivity of 3 irad. The cable follower computer converts the position counts to a 3-2-1 Euler
angle set in the n; reference frame and sends this data to the parallel processor unit through SCSI
cabling. At this point, the 3-2-1 Euler angle set is converted to the corresponding Euler

parameters in the n; reference frame.
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Figure 2.3 displays the cable follower and the hemispherical ball of the airbearing. As the test
article which is mounted on the hemispherical ball moves, the yaw position of the test article is
followed by the motorized cable follower. Afterwards, its pitch and roll attitude are matched by
the attached concentric rings which follow the movement of the ball; the order of these single-axis
rotations is dependent on which of these concentric rings is outermost. Thus, Figure 2.3
demonstrates that the choice of the 3-2-1 Euler angle set for determining the current position of

the air bearing is not arbitrary.

2.1. Airbearing to Body Reference Frame Coordinate Transformation

It is convenient to determine the Euler angles and the Euler parameters for the current body

attitude with respect to the nj reference frame. Based on the Euler angles from the cable follower

computer, one can describe the current airbearing attitude in the inertial n; reference frame:
d=Cy(v.6.9)1 2.1)

where the 3-2-1 Euler angle coordinate transformation matrix is defined as:

Cy_2-1(616,.65)= D;(85)D2(6,)D3(8y)

cos 8, cos 8, sin 6, cos 6, ~sin @,
(2.2)
= | —sin B cos B3 + cos @, sin 6, sin 6 cos 8 cos B +sin B sin 8, sin 84 cos 5 sin B,

sin 8, sin 65 + cos B sinB, cos B3 —cos O sin B3 +sin G sin B, cos @3 cos G, cos B,
The coordinate transformation matrix between two three-dimensional reference frames can be

described with three single-axis rotations about three orthogonal axes. The following direction

cosine matrices are used to perform these single axis rotations:
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Figure 2.3. 3-2-1 Euler Angle Rotation Performed by the ASTREX Airbearing




1 0 0
D)(8)=|0 cos® sind (2.3)

0 —sin@® cos@

cos@ 0 -—sinf
D,(0)= 0 1 0 (2.4)
sin@ 0 cos 0

cos@ sin@ O
Dy(8)=|—sin8@ cosf 0O (2.5)
0 0 1

A single axis 90° pitch rotation is needed to transform vectors from the nj to the n; reference

frame:
iy = D,(~90°)n, (2.6)

while the airbearing reference frame can be transformed to the body reference frame with a

single-axis 60° pitch rotation:

b= D,(60°)a (2.7)
Thus, the following 1-2-3 Euler angle coordinate transformation in the nj reference frame can be
determined:
b=Ci_53(61.6,.63)7, 28)
= Dy(60°) C3_p_1 (. 8.9)D,(-90°) 1,
where:
Cy-2-3(61.8,.85)=D3(65)Dy(6,) D (6,)
cos 8, cos 04 cos 6, sin 6, +sin B, sin 0, cos B sin O sin B — cos B, sin B, cos 63 29)

=|—-cosB@,sinB; cosB cosBy+sinfsinB,sinB;  sin b cos B —cos b sin 6, cos O3
sin 8, —sin 6, cos 6, cos 8, cos 8,
The 1-2-3 Euler angles can be determined from this coordinate transformation matrix using

inverse trigonometric relationships.

To determine the attitude in the body reference frame in a more computationally efficient
algorithm, the coordinate transformation is performed using Euler parameters. The following
Euler parameter set describes the 90° rotation about the y axis from the ny to the ny reference

frame:



B "=[0.7071 0 0.7071 0] (2.10)

while the 60° rotation about the y axis to describe the body reference frame position from the

airbearing reference frame position is given by:

B,2=[08660 0 05 0] (2.11)
The Euler parameters can be transformed from the n, to the n; reference frame with the
following equation:
B b, 8,7 e
where
(Bo B By B3]
Crzosm (B,,"2) = H B (2.13)

=B, By By B
‘ﬂ3 ﬁz ‘ﬁ] ﬂo

To transform the Euler parameters from the airbearing reference frame to the body reference

frame, the following coordinate transformation is used:

B, =Chism(8,%) B, (2.14)
where
By -By B, -B5]
B B B, -B
Caisni(8,%) = AR ’ (2.15)

Bs B, By By

Thus, the Euler parameters which describe the body reference frame position in the inertial ny

reference frame can be directly obtained from the Euler parameters which describe the airbearing

reference frame position in the inertial nj reference frame with the following transformation:

[0.9659 0.0 0.2588 0.0
0.0 02588 0.0  —0.9659
B, = B 1 (2.16)
-0.2588 0.0 0.9659 0.0
| 0.0 0.9659 0.0 0.2588 |

2.2. Lowpass Digital Filter to Estimate Angular Velocity

The angular rate sensors for the ASTREX structure have a low frequency cut-off of 1 Hz. Precise
attitude maneuvers cannot be accomplished with this bandwidth limitation. For example, the c.g.
displacement creates oscillations at 0.05 Hz. Hence, a digital filter has been designed to estimate

the current angular velocity from the Euler parameters.



The continuous-time differential equation for the Euler parameter time derivative is given by

B=16(B)e (2.17)
where

B -B, -B,

Bo -By B
G(B)= P (2.18)

B, B B

The above equation can be written in its inverted form as:
o, =2GT(gk)g'k (2.19)

The Euler parameter time derivative can be estimated with a digital filter which differentiates the

Euler parameter measurements. A second order filter of the form

abs
Gi(s)= m (2.20)

was selected for this purpose to maintain a reasonable computational burden. The poles of the
filter were selected to provide an adequate derivative estimation at low frequencies and attenuate
high frequency noise. Transforming this filter to the z-domain space using a bilinear

transformation which keeps the poles at the same location, one obtains:
k (z—1)(z+1)

(= ™)

where T is the sampling interval. The multiple k is used to constrain the filter magnitude from the

G(2)=kGy(2) =

(2.21)

Bode plot to 1 at a frequency of 1 rad/sec.

k= : (2.22)
Magn(G,(z, @ =1))

The highest frequency from the open-loop Euler parameters would occur during the thrust
impulse at the beginning or the end of the bang-off-bang maneuver. This signal has an
approximate frequency of 0.25 Hz (1.57 rad /sec). A good differentiator should have the following
characteristics on the Bode plot:

1. A low frequency slope of 20 dB/decade

2. A phase angle of 90°
Hence, the design criteria are to keep the phase change from 90° as small as possible at low
frequencies. The allowable phase lag due to the filter is determined based on experimental

results.
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Table 2.1 shows the design trade-offs in choosing the poles for a second-order filter which will
perform both differentiation of low frequencies and attenuation of high frequencies. Using Filter
1 from this table for a final position regulation experiment of the ASTREX test article resulted in
unacceptable performance with terminal oscillations. When this same experiment was repeated
using Filter 3 from Table 2.1, this oscillation disappeared. The phase change in Filter 1 was
presumed to be too high. Although Filter 3 did work, its output was too noisy. Thus, a phase
change design criteria was set at -3.0 deg. for a frequency of 1 rad/sec; the noise amplification at
100 rad/sec was minimized, when possible, while meeting this design criteria. Filter 5 was the
final choice for the second-order filter which could be designed under these constraints. If this
filter is implemented in hardware or the host computer for this control system is updated in the

future, a better alternative would be to design a higher order filter.

2.3. Determination of the Control Influence Matrix

The thrust from the thrusters can be varied by controlling the voltages with the CDAC. To control
a three-axis rotation of the ASTREX structure, the thrusters must generate a moment about the
pivot point to reach the desired final attitude. To calculate this time-varying moment, a non-
dimensional control vector u is defined which is related to the moment generated by the thrusters

and the voltages which regulate the thruster’s force.

Table 2.1. Digital Filter Design Trade-Offs to Achieve Low Frequency Differentiation
and High Frequency Attenuation

Filter | Continuous Digital Filter Phase Change Magn. at
# Time Poles at w=1rad/sec | ®w=100 rad/sec
(Hz) (deg.)
1 1.0,1.0 0.0790 (22_ 1) -16.26 0.40

22 —1.9504 2+ 0.9510
2 1.64, 1.64 0_2057(22_ 1) -9.98 1.05

2219192 24 0.9209
3 10.0, 10.0 6. 1750(22— 1) -1.65 27.93

2%~ 1.55552+ 0.6049
4 10.0, 50.0 19. 3755(22 _ 1) -1.01 50.00

22106242+ 0.2214
5 3.5,12.0 2. 7436(22_ 1) -3.03 12.77

22 1.6554 2+ 0.6774
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The moment generated by the thrusters is defined in the body reference frame:

f
M'T’h (P xE") = sz (2.23)

i=1
where the bold superscript b denotes the body reference frame. rf is the total number of thruster

sets. I is the cross product matrix of each thruster set position:

r=| r, 0 -r (2.24)

F is the force vector for each thruster set. A thruster set is defined as a device which can produce
positive and negative thrust from its mounted position; thus, the two 200 lb. uniaxial thrusters
that are mounted at the same location and generate thrust in opposing directions form a single
thruster set. The moment is related to the non-dimensional control vector 1 with the control
influence matrix B:

M, = Bu (2.25)

—Thr
The components of the control influence matrix are determined from the partial derivative of the
moment vector which is taken with respect to the control vector.
8 M’

My 9 FF (2.26)
. Z F

The control influence matrix relationship is more flexible for systems with various actuator

configurations if the matrix B is the product of two independent matrices: a matrix which defines
the location and thrust of each thruster set and a second matrix 7, i which will define the
l'llll i

desired control-moment relationship for three-axis rotational control.

B=[RE, FE, - Py F (2.27)

nf Lt Tl«(.,,m,,
The thrusters fire along the +z™ axis when the ASTREX structure is in its initial rest position.
Therefore, the maximum force generated by each thruster set will be determined by multiplying
each thruster set’s saturation thrust T, by its positive voltage thrust direction in the absolute
reference frame 7., ,,, and then transfer this force matrix to the body reference frame by rotating
-30° about the y™M axis using the direction cosine matrix.

FP=|Fp E} -~ ] =k, D2 (=30°) T2y pipdiag(T s (2.28)

where the conversion factor to Newtons from pounds is given by

ky,y, = 44484 N/1b. (2.29)
and the direction cosine matrix D, about the y™ axis is defined by eqn. (2.3). The bold superscript
b denotes the components in the body reference frame, while the bold superscript n denotes the

components in the inertial reference frame.

The control influence matrix B is defined by the:
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1. Thruster Set Location relative to the Pivot Point

2. Saturation Thrust of each Thruster Set

3. Positive Voltage Thrust Direction of each Thruster Set

4. Control-Moment Relationship for each Thruster Set
Figure 2.4 shows the positive voltage thrust direction for the 8 Ib. and 200 1b. thruster sets. From
this diagram, the following two matrices, which define the saturation thrust for each thruster set

and the corresponding positive voltage thrust direction in the absolute reference frame, are

constructed.
Te,=[8 8 8 8 8 8 200 200 200 200] (2.30)
6 0000 00O0O0OO
Tpiy=/0 0 0 0 1 10 0 0 0 (2.31)
I 1 1 1 001 1 1 1

Each thruster set column in the saturation thrust matrix and the positive voltage thrust direction
matrix is ordered by the corresponding thruster manufacture number given in Figure 2.4. The
rows in the positive voltage thrust direction matrix denote whether each thruster set is firing in
the x™, y™, or z™ axis. The sign of each value in the positive voltage thrust direction matrix is
defined by whether the thruster fires in the positive or negative absolute reference frame axis
direction. Table 2.2 summarizes the location of each thruster set, the saturation thrust of each

thruster set and its positive voltage thrust direction.

Table 2.2. Individual Thruster Set Location, Saturation Thrust, and Positive Voltage Thrust

Direction
Thruster Node # xb yb zb Thrust Sat.
Manufacture (m) (m) (m) & +V Dir.
# (Ib)
1 327 -1.36581 -2.7116 -0.30839 +8 z
2 325 1.33419 -2.7116 -0.30839 +8 z1
3 321 1.33419 2.7116 -0.30839 +8 z1t
4 323 -1.36581 2.7116 -0.30839 +8 zt
5 427 -2.84230 0.0 -0.10658 +8 yn
6 437 2.81068 0.0 -0.10658 +8 y0
7 (1-2) 324 -1.36581 2.5465 -0.30839 +200 z™
8 (3-4) 322 1.33419 2.5465 -0.30839 +200 2"
9 (5-6) 328 -1.36581 -2.5465 -0.30839 +200 zM
10 (7-8) 326 1.33419 -2.5465 -0.30839 +200 z"




8 1b. Thruster Sets
x n

© nNode 321
@ Node32s

Node 323

@ Node 327

| +lb View of the Primary Truss l

A

Node 437

Node 325

Node 327

Node 427

| + Eb View of the Primary Truss

200 1b. Thruster Sets

I

6 Node 322 Node 32 Node 326

e Node 328 Node 324 Node 328

| +_\Lb View of the Primary Truss4|

+ _z_b View of the Primary TrussJ

9 = Thruster Manufacture Number Q le\(:gsl::rs
Arrow = Positive Voltage Thrust Direction2 7 1-2
——» = Thruster Set on +xb Side of Primary Truss 2 :2
— — P> - Thruster Set on-y_b Side of Primary Truss 10 7.8

Figure 2.4. Positive Voltage Thrust Direction for Each Thruster Set

13



14

2.4. Thruster Control-Moment Relationship

For the dynamical system to be controllable, three independent moments about three primary
axes must be generated. Since the ASTREX test article is mounted on a fixed pivot point, the
available thrusters must be combined such that pure moments are generated about the pivot
point. In addition, since the optimization method for determining the minimum-time control
requires that saturation limits be placed on the controls, the control saturation limits must be
directly related to the physical saturation limits of each thruster. Each control will be limited to a
range of [-1, +1], which reflects the maximum thrust in opposing directions for each individual

thruster it commands.

A thruster combination set is a group of thruster sets which fire simultaneously for a given
control 4; to produce a moment about a fixed control axis. To produce a pure rotation without
translation, the thruster combination set usually consists of thruster sets with similar saturation
thrusts. If a control axis is coincident with a body axis, the thruster combination set allows a
single control to apply a pure moment about that body axis. If all control axes are coincident with
the body axes, the control influence matrix is diagonal. However, the thruster set locations on the

ASTREX structure cannot be combined to form this diagonal control influence matrix.

A thruster configuration is a set of three thruster combination sets which provides three-axis
rotational control; each configuration will provide a positive moment about the control axis if the
control u is positive. A positive moment is one which adheres to the right hand rule about the
control axis. Different thruster configurations are denoted by the saturation thrust for the thruster

sets in each of the three thruster combination sets.

Figure 2.4 shows that thruster sets 5 and 6 are located at equal distances from the pivot point and
only generate thrust in the + y" directions. Thus, a thruster combination set including thruster
sets 5 and 6 can control the roll motion of ASTREX. The remaining thruster sets on the ASTREX
test article provide thrust in both the +xP directions and the +z directions. Although a single
control could provide a pure moment about the yP axis, a single control cannot provide a pure
moment about the xP axis. Therefore, a diagonal control influence matrix is impossible with the
given thruster set locations. Fortunately, both the four remaining 8 Ib. thruster sets and the four
remaining 200 lb. thruster sets form the corners of a rectangle with the pivot point in the

rectangle’s center. This symmetry is utilized in generating a moment about a fixed axis.

The 200-200-8 configuration or the 8-8-8 configuration controls the yaw and pitch axes using the
four corresponding 200 Ib. thruster sets or 8 Ib. thruster sets respectively. Both the 200 1b. and 8



u, Produces Positive Rotation u, Produces Positive Rotation
about the +x/-y/-z Axis about the +x/+y/-z Axis

u, Produces Positive Rotation
about the +z Axis

Figure 2.5. Three-Axis Rotational Control Using the 200-200-8 Thruster Configuration or
the 8-8-8 Thruster Configurations

Ib. thruster sets are placed in a similar rectangular arrangement about the pivot point. To
maintain a direct relationship between the thruster sets and a single control, the four thruster sets
are divided into two thruster sets connected to uj and two thruster sets connected to the uj. The
thruster sets on the diagonal corners of each rectangle are used to form a thruster combination
set. Figure 2.5 displays the control axis for each thruster combination set in these configurations.
These thruster combination sets produce a moment about the +x/-y/-z axis and the +x/+y/-z
axis; however, these two axes are not orthogonal. Thus, the uj and the uj controls generate yaw,
pitch, and roll moments. Although these two thruster combination sets do provide somewhat
symmetrical moments, knowledge of the control history does not provide an intuitive

understanding of the resulting maneuver. The thruster configuration defines the control-moment
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relationship in the 7,  matrix:

-1 0 0
0 -1 0
1 0 0
— 1
Tug o =| ° 0 (2.32)
0 0 -1
0 0 1
0
L 4x3 B
B 4x3 ]
0
0 0 -l
0 0 1
Turo-200-8 =] 010 (2.33)
1 0 0
-1 0 0
0 -1 0

Table 2.3 summarizes each thruster set’s control-moment relationship for the three thruster

configurations. The thrust is determined from the control vector using the following equation:
Thr = diag(T, ) Ty, (2.34)

u
comb =
The relationship between the thrust and the control voltage V is given by a similar equation:

Thr = diag(k;y ;v )V (2.35)

Table 2.3. Control-Moment Relationship for each Thruster Configuration

Thruster Configuration
Thruster Node # 8-8-8 200-200-8
Manufacture Thruster Thruster
# Configuration | Configuration
1 327 - --
2 325 -up --
3 321 uy --
4 323 Uz -
5 427 -us -uj
6 437 us Us
7 (1-2) 324 - up
8(3-4) 322 -- u;
9 (5-6) 328 -- -u;
10 (7-8) 326 - -tg
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Table 2.4. Relationships Between Voltage, Thrust, and Air Pressure for each Thruster Set

Thruster Node # k b./V k Vv/Ib. k pSi./V k V./psi
Manufacture
#
1 327 1.193 0.8382 25.063 0.00398
2 325 1.116 0.8960 26.882 0.00372
3 321 1.255 0.7968 24.146 0.00414
4 323 1.164 0.8591 25.773 0.00388
5 427 1.107 0.9033 27.109 0.00369
6 437 1.163 0.8598 25.795 0.003876
7 (1-2) 324 25.0 0.04 2.0 0.5
8 (3-4) 322 250 0.04 2.0 0.5
9 (5-6) 328 250 0.04 2.0 0.5
10 (7-8) 326 25.0 0.04 2.0 0.5

where the k,, ,, gain vector defines the pounds per volt ratio for each thruster set. Setting the

thrust equations equal to each other, we can form the relationship between the control vector and
the voltage vector:
V = diagky .y, )diag(Tu) Ty, (2.36)

Table 2.4 shows the voltage gains for the ASTREX test article.

2.5. Equations of Motion for the ASTREX Test Article

Although the ASTREX test article is a large, fairly rigid space structure, the truss structures
composed of interconnected graphite-epoxy tubes are inherently flexible. Due to the displaced
center of gravity position, the lowest mode for the test article is approximately 0.05 Hz. A finite-
element model of the combined ASTREX test article/pedestal system is used to determine the
flexible modes for this structure up to 50 Hz 2. The bending of the pedestal causes a mode at
about 3.4 Hz, while the lowest test article bending mode is located at 10 Hz. It is evident that the
control-structure interaction can take place at the low end of the spectrum (.05 Hz) to the first
structural mode frequency (3.4 Hz) and beyond. The high frequency interaction is attenuated
using smooth control profiles, while the low frequency interaction is actively controlled. For this
reason, the rigid body dynamics model will be sufficient to design the open-loop and feedback

controls.

Since the pivot point is fixed for the ASTREX test article, only the rotational equations of motion

are considered. The rotational equations of motion are defined using the Euler parameter time
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derivative and the angular acceleration. For an intuitive understanding of the motion, the Euler

parameters are converted to the 1-2-3 Euler angle set to visualize the maneuvers.

The Euler parameter time derivative is given by (Alternate form of eqn. (2.17)):

-
B= > G(w)B (2.37)
where the Euler parameters f are in the inertial reference frame and the matrix G(@) is given by:
W, 0 Wy  —y
Glw)= (2.38)
|0y ©, - 0 |

where @ represents the angular velocity vector in the body reference frame. The angular velocity
time derivative is given by:
o=1"(M,, -olo) (2.39)

I designates the inertia matrix in the body reference frame and @ represents the angular velocity

cross-product matrix.

0 Wy, W
w=| w, 0 - (2.40)
-0, O 0

The external moments on the body are generated only by the thrusters:
M ori = Lrny X Eqyy = Bu (2.41)

where B is the control influence matrix, ry;, is the distance from the pivot point to each thruster

location, and Fyy, is the force produced by each individual thruster. The u vector in the thruster

moment is a non-dimensional control vector with values in the range of [-1,+1].

The limited volume of pressurized air available for each maneuver places an inequality constraint
on this control problem. To verify that this fuel constraint is satisfied, the fuel mass flow rate is
integrated over the entire maneuver time to determine the total fuel depletion. The fuel volume
flow rate is a function of the combined absolute value thrust components for each axis:

. 3

Vuel = 2K ety thr 2. |TC()mbSat,i Ui (242)

i=1

T ¢omsr s defines the saturation thrust (Ibs. force) for each thruster in a given thruster

combination, while k5, is the conversion factor from lbs. force to ft3 per sec provided by the

manufacturer.
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3.0. OPEN-LOOP & CLOSED-LOOP CONTROL THEORY FOR NEAR MINIMUM-TIME
MANEUVERS

The basic control problem is to move the ASTREX test article from the initial rest position to a
final rest position in minimum time. Since a finite fuel supply is available for this maneuver, the
minimum-time control is not the unconstrained minimum-time control predicted by calculus of
variations theory.10:11 In fact, the available fuel is so limited that the optimal control is closer to
the bang-off-bang type for all but the smallest maneuvers. 12 Torque smoothing is incorporated
into the open-loop control design to prevent the discontinuous jumps in the input control from
exciting the unmodeled high frequency structural modes. The optimized near minimum-time
open-loop control must be augmented with feedback control to achieve fine pointing due to the
presence of unmodeled dynamics, imprecise initial conditions and parametric uncertainty. Thus,
a globally asymptotically stable Lyapunov control was designed to converge on the final attitude.
Although the Lyapunov closed-loop control is not designed to minimize fuel consumption,
closed-loop simulations can be used to predict the amount of fuel which will be required. The
engineer must determine the amount of fuel for the open-loop optimization based on the

anticipated closed-loop fuel requirements.

3.1. Near Minimum-Time Open-Loop Control

It is well known from optimal control theory that time-optimal controls are bang-bang, if singular
intervals are not present. If the fuel constraint is active and singular intervals are still not present,
the time-optimal controls are bang-off-bang: the control will fully saturate, shut off (during this
time, the structure will coast), and then fully saturate in the opposite direction. 1011 Since the
mathematical model of the test article might include many “real-world” effects not encountered
in classical textbook problems, parameter optimization was used to determine the open-loop

control profiles rather than the rigorous two-point boundary value problem.

Since the control profiles must be smooth to prevent excitation of the high frequency modes, a
multiplier function is used:

m(n)=n"(3-2n), nel0.1] @3.1)
In this equation, 17 defines whether the control is off, saturated, or undergoing a smooth transition

between two control levels. To define 1, the researcher must specify the non-dimensional rise

time Ty;,, the non-dimensional time that the saturated control occurs Tet , the initial control

magnitude uj and the final control magnitude after the rise time uy.
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0, No Control

U, Saturated Control

T— Tou

T

N=qu, + (u2 - ”1) » Saturation Ahead, 7€ [1’ — T car

sa

] (3.2)

rise’
rise

T Ty

, Saturation Behind, 7 € [Tmt, Tog + r".se]

“1*(“2—“1)

rise
The bang-off-bang control can be parameterized using:

* Individual Saturation Control, pg,;

* Smoothing Multiplier Rise Time, pys,
These parameters are optimized for the performance index and the given boundary conditions
using the Sequential Quadratic Programming (SQP) algorithm, which solves nonlinear
programming problems. The SQP problem is constructed by first defining the performance index,
the equality and inequality constraints, and the inclusive upper and lower parameter limits. The
minimum-time SQP problem using the bang-off-bang parameters is formulated as: 8
Minimize J = -5—1702 subject to:

Xy "Ibc(l)=0

1 .-
V fuel Avaitable = ,[0 Ve 4720
(3.3)
1* < py < 60*

-1£p <1

Zsar

0.05*<p <0.25

x¢ defines the desired final boundary condition states, while the integrated states are given by:
f_‘bcT = [ﬁl B, B o o “’3] (3.4)

The asterisks in the above equation denotes numbers which are arbitrarily chosen parameter

constraints. A commercial SQP algorithm such as the one included in the IMSL Math Libraries

can optimize the parameters with little programming effort by the researcher.

3.2. Lyapunov Control for Final Position Regulation

For rest-to-rest maneuvers, the desired final angular velocity is zero. The equilibrium state can be

defined where the error vectors between the current state and the final state go to zero.

-
€w @

The state equations for these functions include the Euler parameter error time derivative and the

angular velocity error time derivative:

é ._ . LG
sl _|B-B,|_ 7 Glh)e (3.6)
o @ " (Bu-dlw+ My,
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where [ is the inertia matrix. The disturbance moment M j;, is neglected for this derivation.

However, this closed-loop control law derivation is valid in the presence of the moments from

additional dynamics determined from the system identification.

The following positive definite Lyapunov function is chosen to prove that this nonlinear system
can be asymptotically stable with the proper choice of the control torque: 34
V(eg.en)=3ep  Plieg+ie, Preg, (3.7)
where P17 and P37 are constant, symmetric positive definite gain matrices. By choosing the
control as:
u= B—l[_lez-l(%(;T(E)Pl 1ep+ QQ) +olw - Mdm] (3.8)
the Lyapunov function time derivative is negative semidefinite:
Vieg.e,) =€, 02, (3.9)
where Q is a symmetric positive definite gain matrix. By looking at the third time derivative of
the Lyapunov function13, it can be easily shown that the Lyapunov function will only go to zero

when the error function of the Euler parameters goes to zero. Therefore, this final position

regulation control will be asymptotically stable in the large.

3.3. Lyapunov Control for Tracking a Reference Trajectory

Since the near-minimum time control for rotational maneuvers of the ASTREX structure is
calculated offline, the trajectory defined by this control should be near-optimal, despite small
modeling errors. Therefore, we would like the ASTREX structure to track this trajectory for the
entire maneuver. The equilibrium state can be defined where the error vectors between the

current state and the reference trajectory state go to zero.3.7

gﬂ é_ére]
= =0 (3.10)

g([) - Qrgf

The state equations for these functions include the Euler parameter error time derivative and the

angular velocity error time derivative:

gﬁ _ é_éref _ %(G(ﬂ)‘a‘)_G(ﬁref)Q”f) (311)

[ Q = [B re/ wlw wreflmref ) (Mdist - Mdi.vrref)]

Again, the disturbance moment M ;. . is neglected for the remainder of this derivation. The

1%

following positive definite Lyapunov function is chosen to prove that this nonlinear system can

be asymptotically stable with the proper choice of the control torque:
V(gﬂ,gw)=%gBTP”gﬁ+ Pnew (3.12)

where P17 and Py are constant, symmetric positive definite gain matrices. By choosing the

control as:
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U=ty + B [—”’22_] (% GT(E,ef )E + an)) + (5’19 ~ O 1@ ) - (Mdm = M gistrer )] (3.13)
where p is a positive scalar which has replaced the positive gain matrix P71, the Lyapunov
function time derivative will be negative semidefinite:

Viegep) ==, Qey (3.14)
where Q is a symmetric positive definite gain matrix. By looking at the third time derivative of
the Lyapunov function, it can be easily shown that the Lyapunov function will only go to zero
when the error function of the Euler parameters ~oes to zero. Therefore, this reference trajectory

tracking control will be asymptotically stable in the large.

3.4. Gain Matrix Selection from a Damped System Analogy
If we substitute eqn. (3.13) into egn. (3.11), the following second order system is constructed:

. _ N
o+ Py 0e, +5 PG (gmfjg=g (3.15)

Furthermore, it is true that the reduced Euler parameter vector, which describes the current Euler

parameter in the reference frame with the reference Euler parameter as an origin, is given by:
~ref _ AT nl
E =G (Bref )é (3.16)

Assuming small errors, the difference between the current position and the reference maneuver

position can be approximated in Euler angles as:

~ref t
L 67
Substituting this term into eqn. (3.15), the tracking error second order system is described by:
o+ Pp 106, +5 Py leg=0 (3.18)

To determine the scalar gain and the gain matrices in an intuitive manner, this system is related

to a damped second order system, where ®, is the natural frequency and & is the damping

coefficient. Therefore, the scalar gain and the gain matrices are defined as:

p=4w,* (3.19)
Py, =1y (3.20)
Q=28w,l (3:21)

where [33 is the 3 x 3 identity matrix. Using these relationships, an engineer must only choose the
damping coefficient and the natural frequency for this system to meet the desired performance

requirements. In addition, the Lyapunov function and its time derivative reduce to:

V(trgﬂ)gm)ZanzgﬂTgﬂ +%€wT€m (322)
V=-2twe, ¢, (3.23)

Using these gains, the final position regulator control is given by:

u= —23-1[1(0)"2(;1( B, )E +&w, g) +M ,,,.s,} (3.24)
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while the tracking control is given by:

-1 T . .
=U,t+B {—zl(a)nzc; (Qref )1_3 + &jwngm] + Ol Q= O 1@y + My — Md,-mef] (3.25)

3.5. Convergence Rate Estimate from the Lyapunov Function
The convergence rate of the Lyapunov function control can be examined by expressing the
Lyapunov function time derivative as a function of the Lyapunov function itself. Assume that the
Lyapunov function and its time derivative can be expressed in the following form:
v=xPx (3.26)

V=—xT0x (3.27)
where P is a positive definite gain matrix and Q is a positive semidefinite gain matrix which
satisfies the asymptotic stability of the Lyapunov function. It is well known from matrix theory

that:

Amin (P)xT x € 2T Px < Ay (P)x x
(3.28)
Amin(Q)x" 55 70 < A ey (Q)x" x
Thus, the following inequality relationship between the Lyapunov function and its time
derivative is formed:
A min (23 Amin (2
57052 Ay ()7 x> 3208 1 Tpy > Jun By (3.29)
This process can be repeated to determine the lower bound for the Lyapunov function time
derivative:
Ana (@) < Amin(Q) |
M W o (3.30)
This can be solved to determine the bounds for the Lyapunov function:
_lmax(Q)(t_t ) Amin (Q) ( )
, 0 Iy
AP0y Y < vy ce tmax PPy () (331)
Similarly, the upper and lower bound for the Lp-norm of the state vector can be determined
similarly:
A max (Q) A min ()
Vi) “Tmad ) (o) |, Fma (AL )
ooz L shetoh” < 1, % ¢ (3.32)
1 Amax (Q) 1 Amin (2)
Vi) 12 —5irayli—to 2 ~Taee m\ o)
[amff’(%] T ) < [ . )] e I &3

If Q is a positive semidefinite matrix, the state norm will only have an exponential lower bound:
1 lmax (Q)

[1:5:0(_1»)]2 e T P11 <|| (), < [‘r()p)]z (3.34)
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Since the final position regulator and the tracking controls have the same structure for their
respective Lyapunov functions and Lyapunov function time derivatives, the convergence rates of
these controls can be determined simultaneously. These convergence rates are only applicable in
the maneuver when the closed loop control is the only control applied. Therefore, the time tg
normally refers to the final time for the open-loop maneuver. In both cases, the Lyapunov
function time derivative is only a function of the angular velocity errors:

Vieg.ew)=2w,%ep eg+1e, €4 (3.35)

Vieg.en)=-28w,e," ¢, (3.36)

Thus, the state error norm is bounded by:

L (1 €
a7 o[

€0 ) "
(3.37)
1 e
2 - - g 1
[ - V(ro)] o 28en(-10) <[2v(t)]? if w, e(L.=)
2w, I ,
Thus, to increase the convergence rate,
s . ]
if 0, €(0,5
Maximize { >°" (03] (3.38)
26w, if ®, (%,

The actual choice of these parameters must be determined by the control magnitude and the
convergence properties of the states. By setting a tolerance on the state norm, one can estimate the
least time that this closed-loop control takes to move the state norm below this criterion from the

above lower bound.
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4.0. SYSTEM IDENTIFICATION

The control for a near minimum-time 60° yaw maneuver was optimized using a sequential
quadratic programming (SQP) algorithm to determine the bang-off-bang maneuver parameters
for a 100 psi pressure loss constraint. The ASTREX control interface could only command 50 Ib. of
thrust for the 200 Ib. thrusters and 5 1b. of thrust for the 8 1b. thrusters. Since the closed-loop
control would need additional thrust to perform fine pointing, the open-loop control was
optimized under a maximum saturation constraint of 20 lb. for the 200 Ib. thrusters and 2 Ib. for
the 8 Ib. thrusters. In April 1993, this experiment was performed using the ASTREX test article.
Figure 4.1 shows the simulated states and thrust for this maneuver, while Figure 4.2 show the

experimental states and thrust.

From these experimental results, the following problems were determined:

¢ The small displacement of the center of gravity (c.g.) from the pivot point causes

lightly damped oscillations in the pitch and the roll Euler angles.
e The actual thruster force is much less than the simulated thruster force.

¢ The relationship between the actual and simulated thruster force changes during

the acceleration and deceleration phases of the maneuver.

» Thruster dynamics change differently for the 8 lb. and 200 Ib. thrusters as the air
tank pressure decreases. The thrust is clipped when the 8 Ib. thrusters fire with
the air tank pressure below 150 psi or when the 200 Ib. thrusters fire with the air

tank pressure below 30 psi.

* Pressure leakage reduces the available fuel for the maneuver. The most
significant pressure loss (~200 psi) occurred initially when the ball valves first

open to allow compressed air in the thruster chambers and connecting tubes.

¢ Unexpected thruster firings from stray command voltages caused large
amplitude maneuvers of the test article, which consequently aborted many tests.
Testing continued from April 1993 to November 1993 to identify the reasons for these problems
and to determine a mathematical model which would accurately describe the effect on the
dynamical system. Appendix A contains a listing of the tests which were performed during this
project. Table A-1 gives a brief description of the reference maneuver for each test, while Table

A-2 lists the experimental attitude maneuvers and their unique characteristics.
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Figure 4.1. States and Thrust for the 60° Yaw Maneuver Simulation (test13_sim_ref)
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Figure 4.1. States and Thrust for the 60° Yaw Maneuver Simulation (test13_sim_ref) (cont’d)

4.1. Equilibrium Position for the ASTREX Test Article
The c.g. for the test article is not exactly coincident with the pivot point. In the ny reference frame,

the moment on the test article due to the force caused by this displaced c.g. is determined by:

—mg
Mg =iy xEM = rlg xq 0 (4.1)
0

The equilibrium position for the test article is reached when the moment due to the displaced c.g.
goes to zero. Obviously, this occurs when the effective center of gravity position is directly below
the pivot point. Thus, only one parameter is needed to position the center of gravity along this
vertical path. An initial displacement from the equilibrium position causes a low frequency
oscillation about the ny -frame pitch and roll axes. In the body reference frame, the moment due

to the displaced c.g. position are attitude-dependent.
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Figure 4.2. States and Thrust for the 60° Yaw Maneuver Experiment (test13_exp1)
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—mg
MPy =0 X EP = b x €y 5(6,.0,.65)1 0 (4.2)
0

However, the radius vector from the pivot point to the c.g. will not vary in this reference frame.

Although the finite element model of the combined ASTREX test article / pedestal system defines
the total mass of the test article and the location of its c.g. position, this information did not
correspond to the known rest position for the ASTREX structure. Therefore, experimental tests
were needed to determine the effective c.g. position. Free oscillation tests were performed on the
ASTREX test article with initial displacements about each of the body axes. The pitch and the roll
components of the resultant equilibrium position are unique due to the displacement of the c.g.
from the pivot point. Figure 4.3 (a) shows the Euler angles from the free oscillation tests with an
initial pitch displacement, while Figure 4.3 (b) shows the Euler angles from the free oscillation
tests with an initial roll displacement. The roll oscillation frequency is approximately 0.0455 Hz,
while the pitch oscillation frequency is approximately 0.0588 Hz. From these tests, the Euler angle
equilibrium position was estimated to be:

ol =[-- -29.2 0.23]deg. (4.3)
A system identification on the free oscillation data determined the value of the c. g. vertical
position parameter x., by minimizing the error norm between the simulation and the
experimental measurements. The test article mass was assumed to be equal to the mass
approximation from the finite element model.

m=4004.8 kg (4.4)

Thus, the c. g. position in the body reference frame is determined by:

nl
Xep

b _
f(.'g - CI—Z—R(geql' eq2'90q3) 0 (4~5)
0

The current c.g. position has been determined as:
E?g =[-0.02147  0.00086 0.01200|m (4.6)

Table A-3 details the equilibrium tests that have currently been performed on the ASTREX test

article.
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Figure 4.3. Free Oscillation Tests

4.2. Revised State Equations for the ASTREX Structure

The external moment in the angular acceleration can be revised to show the effect of the

displaced c.g. and the acceleration/deceleration relationship between the simulated and actual

thrust:
Cl 1

Mo = diag(l‘.rhrsff)BE —mgree1Cy (4.7)

Gy
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where

[0.85 0.85 0.85]7, Accel.
Krnr e = r (4-8)
[0.97 097 0.97]7, Decel.

These thruster efficiency gains are not determined directly, but by minimizing the overall error
between the simulated and actual states for a maneuver. The physical meaning of this gain vector
could be a static friction component, a thruster dynamics change due to the air tank pressure, or
an inaccurate estimate of the moment of inertia matrix. To account for the thrust difference

between the simulated and actual thrust, the control influence matrix is redefined as:
_Jd .
B= «9_2(5 X d'ag(’iAcmaz Thr)f) (4.9)

where
Epcmarnr =[1:26 126 126 126 126 127 100 106 099 1.02] (4.10)
The actual thrust gain vector is determined by dividing the peak actual thrust norm by the peak

simulated thrust norm for each individual thruster set.

To investigate the pressure leakage, an experiment was performed by recording the air tank
pressure while the ASTREX test article was at rest. The dashed line in Figure 4.4 is an exponential

estimate of this pressure loss given by the following equation:
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~¢ pot
p(t)=py e ™ (4.11)
where c is the pressure leakage constant. This pressure leakage model is included in the revised
air volume flow rate:
, 3
Vfuet = 2K ueti Thr Z'kCnmbSat,i wi| = PV puel (4.12)
i=1
¢ is the leakage constant which determines the volume flow rate due to the current volume of air

at atmospheric pressure in the air tank remaining to be discharged.

c=6.26e—5 sec’" (4.13)
The maximum saturation thrust for each thruster combination is given by:
keompsa =[200 200 8] Ib. (4.14)
while the conversion between thrust and the air volume flow rate is given by:
k fuetsnr = 0-3081 lbf_t;c (4.15)

Table A-4 presents a brief description of this pressure leakage test.

Currently, the ASTREX moment of inertia matrix in the body reference frame has been
determined from a finite element model to be:
18,941. 250 -243.0
I=| —250 11,804. 25.0 |kg—m" (4.16)

—243.0 25.0 14,188.

The control influence matrix is given by:
4022. 3963. 0.62

B=|-2144. 2104. 0. N-m (4.17)

—2322. 2288, 254.48

In current experiments, the 200 Ib. thrusters are constrained to only use 30 Ib. for the open-loop
control, while the 8 Ib. thrusters can use 3 Ib. With the increased air volume flow rate due to the
pressure leakage, the yaw maneuver was constrained to only 30°. Computationally, it was
determined that even this small maneuver would not be possible without using more fuel. Thus,
the desired pressure loss for the optimized open-loop maneuver was reset to 140 psi. Since the
initial experimental air pressure in Figure 4.2 (c) was approximately 250 psi, this increase in the

fuel used for the open-loop control still leaves enough fuel to perform fine pointing.

Figure 4.5 shows the simulated states and thrust for the revised dynamics for a 30° maneuver,
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while Figure 4.6 shows the experimental states and thrust . A comparison of these results shows
that the simulation matches well with the experiment. Of course, a low frequency oscillation at
the end of this maneuver still remains. However, a feedback controller will be introduced in the

next section to control this problem.
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5.0. NEAR MINIMUM-TIME MANEUVERS OF THE ASTREX TEST ARTICLE WITH FINE
POINTING

Using the revised dynamics model for the open-loop optimization, a bounded region around the
final state is reached. However, the pitch and roll Euler angles continue to oscillate with 0.5° of
the equilibrium position, while the yaw Euler angle drifts within 2° of the final state. To exactly
reach the final state, the Lyapunov control laws must be used with the optimized minimum-time

open-loop controls.

5.1. Near Minimum-Time Maneuvers Using a Closed-Loop Control for Fine Pointing

From Section 3.4, the final position regulator control is given by:
g:—23—'{1(%@(@/)/_“gw,,g)ugd,.s,} (5.1)
while the tracking control is given by:
U=+ B! [_21(m"20T(EN’f )g + éa)ngw)-f- (6)1@— CbrefIquf )+ (Mdi.vr =M st ref ):| (5.2)

The disturbance moment in this control law will include the moment due to the displaced c.g.

from the revised equations of motion:

M iy = —mg ;cg G (:’ 1) (5.3)
while the tracking error for this disturbance moment will be given by:
M it = M gistrer = —M8T g {C,_2_3(:,1) o (G 1)),3,»} (5.4)

The moment of inertia and control influence matrices are the same used in the revised dynamics
open-loop experiments in the previous section. The final pitch and roll position are determined
by the c.g. position; the c.g. position was obtained experimentally from free oscillation
equilibrium tests. The final Euler angle position (yaw, pitch, roll) is given by:

8,=[30.0 -29.2 0.2]deg. (5.5)
To determine the natural frequency and damping coefficients to be used, a closed-loop simulation
was constructed using the SystemBuild module of the MatrixX engineering analysis software.
SystemBuild is a graphical engineering analysis tool which can be used to quickly simulate
complex control systems. The ASTREX test facility uses SystemBuild as a front-end interface for
the data acquisition and control system in the CDAC hardware for the ASTREX structure. A
major advantage of designing the closed-loop control system in a SystemBuild graphical
representation is the quick integration of this control scheme into the SystemBuild data
acquisition diagram at the ASTREX test facility. Figure 5.1 shows the SystemBuild Superblock
which is used to simulate the final position regulation and tracking controls. From these

simulations, the natural frequency and damping coefficient gains are chosen as:
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w, =0.9 rad / sec
(5.6)
£=0.9
Figure 5.2 shows the SystemBuild Superblock which is used to perform the data acquisition and

control during the ASTREX structure maneuvers.

The 30° yaw maneuver of the ASTREX test article from the previous section was again attempted
with the addition of a fine-pointing control. Using the open-loop control optimized with the
revised system dynamics, two ASTREX experimental maneuvers were performed using the
above Lyapunov control laws in February 1993. Figure 5.3 shows the experimental states and
thrust for an optimized near minimum time maneuver with a final position regulation control.
Figure 5.4 shows the states and the thrust for an optimized near minimum time maneuver with a
control which tracks the reference trajectory. The closed-loop control was only applied for the

first 30 seconds of the maneuver to observe the resulting dynamics.

Both of the closed-loop maneuvers come close to reaching the final equilibrium state.
Unfortunately, in both of the cases, the closed loop control depletes the available air tank pressure
before equilibrium is reached. In addition, the thrusters do not respond to small voltage signals
during the fine-pointing stage, leading to terminal errors. The other problem is that the ASTREX
test article is mounted on a near frictionless airbearing. With very little damping, the problem of
exactly reaching the equilibrium state is similar to balancing an object on a knife edge. The
slightest perturbation can cause an undamped oscillatory motion in the roll and pitch directions.
In this set of experiments, the tracking control converges quicker than the final position

regulation control primarily due to the close correspondence between the simulation and
experiment. Consequently, the tracking control is better at conserving fuel than the final position

regulation control.

To show that the tracking control is able to converge on the final state when a sufficient amount
of fuel is available, a 10° yaw maneuver for the ASTREX structure was performed. The open-loop
minimum-time yaw maneuver was optimized using the revised system dynamics and a pressure
drop of only 85 psi. Figure 5.5 (a)-(g) shows the experimental states and thrust for this maneuver.
The closed-loop control was again discontinued after 30 seconds. Obviously, this maneuver was
able to reach the final state precisely in approximately 15 seconds. Both the Euler angles and
angular velocities are essentially constant for the next 15 seconds. However, when the closed-
loop control is shut off at 30 seconds, small amplitude oscillations appear primarily in the roll and

pitch Euler angles. These oscillations could be caused by either vibrations introduced from the
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shutdown of the thrusters or the small displacement of the gravity gradient from the equilibrium

position.

The accelerometer data is given in Figure 5.5 (h). The acceleration graphs (from top to bottom) are
related to the accelerometers mounted on the secondary truss measuring acceleration in the y
direction of the body reference frame, mounted on the secondary truss measuring acceleration in
the x-direction of the body reference frame, and mounted on the primary truss measuring
acceleration in the y-direction of the body reference frame. The largest acceleration occurs as the
open-loop bang-off-bang control applies acceleration and deceleration pulses at the beginning

and end of the open-loop maneuver respectively.
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Figure 5.5. Optimized Near Minimum Time 10° Yaw Maneuver with Tracking (test28_exp3)
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6.0. CONCLUDING REMARKS & RECOMMENDATIONS

The ASTREX test facility is unique in its capabilities and features for implementing control laws
for maneuvering and vibration suppression. The experiments in this report successfully
demonstrated the ability of the control laws to maneuver and fine-point the structure using
throttleable thrusters. The techniques implemented on the test article incorporated near
minimum-time open-loop control, torque smoothing, and Lyapunov final position regulation and
tracking controls. Torque-smoothing worked so well at minimizing structural excitation, that
controlling the low frequency pendulum mode due to the c.g. offset became the primary concern
of the investigators. The feedback control laws were implemented using attitude measurements

and rates were estimated by filtering the attitude measurements.

Considerable leakage in the plumbing of the thruster system prevented "large” maneuvers from
being performed. Furthermore, stray voltages in the control electronics produced erratic thruster
firings leading to unacceptably large motions of the structure. To avoid possible damage to the
structure, the maximum input voltage to the thrusters was limited, which consequently limited
the "size" of the maneuvers. In spite of these difficulties, the control laws worked remarkably

well, as shown in the experimental results.

Some suggestions for improvements and future work are given below:

1. The capacity of the compressed air tanks should be increased so that larger

experimental maneuvers can be performed.
2. New rate sensors should be acquired to measure the rigid-body angular rate directly.

3. Future maneuver experiments at this facility should include both the CMGs and
reaction wheels, as well as the thrusters. These tests could investigate attitude control
problems such as CMG momentum management and persistent disturbance

rejection.

4. Additional experiments using this testbed could validate adaptive control laws for
attitude maneuvers. Indirect adaptive control laws based on estimating the inertia
properties of the structure can be performed with relative ease. A mechanism to
deliberately change the c.g. location might be considered to make the experiments

more challenging.



51

7.0. REFERENCES

l]unkins, ]J.L. and Turner, J.D., Optimal Spacecraft Rotational Maneuvers, Elsevier Scientific,

Amsterdam, Holland, 1985.

25crivener, S.L., Thompson, R.C., “Survey of Time-Optimal Attitude Maneuvers”, Journal of

Guidance, Control & Dynamics, Vol. 17, No. 2, March-April 1994, pp.225-233.

3vadali, S.R., Junkins, J.L., “Optimal Open-Loop and Stable Feedback Control of Rigid
Spacecraft Attitude Maneuvers”, Journal of the Astronautical Sciences, Vol. 32, No. 2,

April-June 1984, pp.105-122.

4Wie, B., Weiss, H., Arapostathis, A., “Quaternion Feedback Regulator for Spacecraft Eigenaxis
Rotations”, Journal of Guidance, Vol. 12, No. 3, May-June 1989, pp. 375-380.

5Thompson, R.C., Junkins, J.L. and Vadali, S.R., “Near-Minimum Time Open-Loop Slewing of
Flexible Vehicles,” Journal of Guidance, Navigation & Control, Vol. 12, No. 1, Jan-Feb 1989,
pp- 82-88.

6Byers, R.M., Vadali, S.R., Junkins, ].L., “Near-Minimum Time, Closed-Loop Slewing of Flexible
Spacecraft”, Journal of Guidance, Vol. 13, No. 1, Jan.-Feb. 1990, pp. 57-65.

7]ur1kins, ]J.L., Rahman, Z.H., Bang, H,, “Near-Minimum-Time Control of Distributed Parameter
Systems: Analytical and Experimental Results”, Journal of Guidance, Control, and

Dynamics, Vol. 14, No. 2, March-April 1991, pp. 406-415.

8vadali, S.R., Singh, T., Carter, T, “Computation of Near Minimum-Time Maneuvers of Flexible
Structures by Parameter Optimization”, Journal of Guidance, Control & Dynamics, Vol. 17,

No. 2, March-April 1994, pp.354-360.

9Abhyemkar, N.S., Ramakrishnan, ., et al., “Modeling, System Identification and Control of
ASTREX”, Paper presented at the NASA /DOD Controls-Structures Interaction
Technology Conference, Lake Tahoe, NV, March 1992.

10Kirk, D.E., Optimal Control Theory, Prentice-Hall, Inc., Englewood Cliffs, NJ, 1970.

11Bryson, AE. and Ho, Y.-C., Applied Optimal Control, Hemisphere Publishing Corp.,
Washington, D.C., 1975.

12Carter, M.T., “Near Minimum-Time Maneuvers of Large Space Structures Using Parameter
Optimization and Lyapunov Feedback Control”, M.S. Thesis, Aerospace Engineering,
Texas A&M University, College Station, TX, Dec. 1993.

13Mukherjee, R., Chen, D., “An Asymptotic Stability Theorem for Autonomous Systems”,
Journal of Guidance, Control & Dynamics, Vol. 16, No. 5, Sept-Oct 1993, pp. 961-962.



52

APPENDIX A

Near Minimum-Time Maneuver Experiments on the ASTREX Test Article



53

[00 00t~ 00€]
X 00€1 0052 Tw 00z 007] [o00 o00¢- 0'0] | (31ed)god | 19aAnauRH MeA L0OE St
[o00 o00e- 009]
0001 0052 [8 ooz o07) [oo o00¢- 00] | (131eD)gog | 19anaURK MeX 09 €1
[o0 o00e- 00¢]
0001 ooz | [8 ooz oozl | [oo o00e- 00] | (1ued)dog | seansue mex 06 | TI
[o0 00t~ 0°0¢]
66Vl --- (8 ooz ooz] | [oo o0t 0°0] (z1311eD) gd IaANdURIN MRX 05 6
oo o00e- 009
1601 [s s s [oo 00t 00] | Gewed)gd | 1eansuepymexq0s | 8
[00 o00t- 005
008T --- [8 ooz 007] [oo o0 0°0} (1311eD) gg ISANAURIN MBA 05 Z
[00 o00¢- 0°05]
76 (8 ooz ooz] | [oo oo0e- o0] | (me@)ag 12ANURIN MBX (05 | 99
o0 o00e- 00
T6hl -~ | [8 ooz ooz] | [o0 oo0e- 00] | (P@aodg | ieanaue mex 05 | ®9
[o0 o0c- o00s]
002z~ [8 ooc o0z] | [oo o0e- 00] | (me@)god | 1eanauey mex .06 9
[o0 o00c- 005
6 0%l 8 s 8] [o0 00¢- 00] | (19MrED) 9O | 19ANSURI MEX (0G S
(1sd) Q1) ("3ap)
doig (sd) | (qoy woug ‘mex) a18uy 13y
BhE)is 1ai5q | 109pyg | aInssair] | 2Inssalg uoneUIqWoD [eutq 7 [enmg a[yoid
Suidureq | 8uudg | ‘3> | pamsaq | Tenwyul jsnay L patsaq [onuo) uondunsa(g 3sa #1831

aInpPNNG XAULSY Y3 10§ KI0ISTH 1S3 I2ANIURA] DUIIJIY IPMINY "I-V 3qelL



54

[o0 o0~ 0] uoemSay
8 8 8 uonIsod reury 4
[oo 00e- 0] uouemSay
[8 ooz oot] uonIsod eury ¥
[00 00~ 0°0€]
X 00%L 008z [s ooz 00Z] [oo o0¢- 00] | (131ed) gog ISANAURIAl MBA .0 €7
[o0 o0e- o00g]
X 00p1 008Z [8 ooz o00z] | [o0 o00e- 00] | (aed)gog IoANAURN MBX 0F | £4
[00 o0~ o00g]
X 0'0¥F1 oosz | [8 00z o0z] | [oo o00e- 00] | mewed)goa | seansuepy mex Lo¢ 0z
[00 o0t~ 00g]
X oost | oosc | [8 00z o00z] [ oo o00e- 00] | (remed)gog | seanswen mex 0 | 61
[00 o00¢- o00g]
X oovt | oosz | [8 00z o00z] | {00 o00e- 00] | (eueD)gog | seanswepy mex o¢ | a1
[00 o00e- 00¢g]
X oost | oosz | [8 00z oo0z] | [00 o00e- 00] | (emeD)gog | seanswepy mex 0 | z1
[00 00t~ 00¢g]
X ooct | oose | [8 0oz ooz] | [00 o00e- 00] | emed)gog | semnsuepymex g¢ | o1
(1sd) (¢qn) (‘3ap)
doiq (sd) | (oY “yoyd ‘mex) a18uy 13y
uuwmwm uumwmm 199139 | 9Inssal g aInssald GOﬂ&EQEOU ﬁms.r.m Iy renyru) I[yold
Buidureq | Suudg | 8> panmsa( rentuy I{ysnayy, panssq [onuo) uondisacy 3sa, #IS9L

ampPNIg XFYLSV Y3 10§ A10JSIH 1S3 L I9ANIUR 2DUIIJ3Y PNV *(P,IU0d) [-V d[qeL




55

[co ze- o01]
X X 0S8 0092 [8 o0t 002] ?.o 76— 0°0] | (1oeD)god | 1eanauepy mex 01 8T
—NO 767~ OOH Gcﬁd?wwm
X --- --- [8 o0z o0t] --- --- uonisod [eury Y
dooT-pasord)
[s 8 sl
doo7-uadp [zo 76z~ o 0¢]
X X 00¥1 0092 [s o0z 002} [to ze6- o© 0] | (12ueD) gog | 19ANaURIN MeX L0€ 9z
(1sd) (an (‘3ap)
doig (sd) | (109 ‘yond ‘mex) a18uy 13[ng
33 P3P | 199y | 2anssald | INSSald uoyeuIquio) [euty = feniuj Iryold
Surdureg | Sutaidg | 8> | pamsag | rentul IPsnay patsaQ [onuod uonduosa(] 3saL #1353

aInpnIg XAULSY 3Yi 105 A10)STH 1S3, I9ANIUBJ] 20UIIJY IPMINY *(PIu0d) -V 3qel




00£S°0+Z209SY 1 - NN
— N *
AM z v:wm L X €6/92/% I 1aAnaue N MBX 06 | I
00€C°0+Z209SH 1 — NN
- 7 .
Aﬁ z v;wm L X €6/21/v 1 IpAnaUR MBX 05 | 6
00€S 0 +2 095t '~ 2
. €6/T1/% z
? - NNV 168¢°L
X €6/1/€ 1 IDANBURIN MBX 05 8
00eS0+Z09SY 1 INN
AT Nv%w: £6/T1/¥ z
[4 X €6/1/€ 1 IsAnaueN mex 09 L
00ES0+Z09Sy 1 — ~N
<
-7 .
f z vawm L X €6/1/¢ 1 DANBURIN MRX .06 | 99
00£S0+Z09st 1 — NN
4 ’
7 z vzwm L X €6/1/€ 1 IBANSUE MEX 05 | ®9
00€S'0+Z09SY 1 — NN
- 7 .
? ¢ vzmm L €6/%/T 1 mAnawelN MeX 05 | 9
A ,%M G m [SJUIWBINSEIJA [ejuswIadxy
00€S°0+Z09SY 1~ NN
€6/%/C 4
1-,Z]168¢°L
A [4 v €6/6¢/1 1 I9ANBURIAl MEX 09 )
R ¥ 5 5 ‘SJUSWIAINSEIJN [eJUIWLIadXg
uotyew
-10jsue1], #
13[I0[U0) 12411 1endiq puojzu | doog | dooq Jusw
door1-pasod Iajaurere 13y pauo) | pasopy | uadp aje] -adxyg uondusacg ysa #1539

AIMPNNS XTULSV Y3 10§ AI0ISTH 153 IPANSUEI SPMINY Z-V [qeL



57

6675 0+209Sk 1 -2
1-.Z|E1€T°6
A T v ¢ X £6/8/01 1 IBATBURIN MBX L0 | ®IZ
€6/8/01 v
6675 0+2095% 1= 2 €6/7/01 £
€6/€7/6 r4
1-,Z|E1€T°6
A z v X €6/€2/6 1 I2ANAURIN MBX ,0F 0z
6675 0+2095 1— 2 €6/8/6 €
£6/8/6 ré
1-,Z)€1€T
A [/ v <6 X £6/9/6 1 IDAMBURA] MBX 0F 61
66750 +209SH 1 — 2 €6/6C/8 €
€
ATNNVQMN.& 6/L2/8 r4
X £6/81/8 1 IDANDURIAl ML 0 81
6675 0+2095H ' — 2
€6/01/8 Z
1-.Z)€1€T°6
A 4 v X €6/01/8 1 IDANBUERIN MBX ,0F AL
6675 0+2095H1— 2
ATNNVQMN.Q
X €6/9/8 I ISANBURIN MBX ,0F 91
66750 +2095% 1— 2
1-.Z|E1€2°6
A ¢ v X €6/S1/L I IBANBUEBIN MBX 0 Gl
00€S "0 +209St 1~ 2
- Z]1S8€°L
A z v 8 X €6/61/% 1 ISANBURN MBX 09 €1
A .Qm..m @ m :SJUAWIAINSEIA [eIUWITIDAXY
uoyeur
-qumﬁd.ﬂH #
Iafjonuo) 1211 endigq uoyzu | dooq | dooq usw
&OO‘H-ﬁme—U H@u@EﬂHﬁﬂm uwﬂﬂm uUN.EOU meOﬁU Gmnmo wumﬁ— u_hw&xm ﬁOBnmﬁumWD amw..—l %umw.H

ampPNNg XAYLSV 243 10§ AI10ISTH 153, 19ANSUERY PV *(PIU0D) Z-V 3[qEL




58

YLLIO +vamo.~|~~ v6/G61/¢ €
60=2 60="® AT NWN:: V6/S1/C 4
Sunpoer] z X X X 6/S1/¢ I 1DANSURIN MeX 01 | 8T
0IS6'0+21056'1 =2
60=2% 60="® . ¥6/2/¢ [4 uonem8ay
! (1-,2) 0600 :
uonen3ay soJ reury 4 X X ¥6/82/1 4 uonIso  reury £
PLLY 0+Z2H6S9°L =z
60=2 ‘60="0 ) ¥6/€/T 4
T - Nv CLILT
Sunypeiy 4 ¥6/2/C I I2ATRUBIN MBX .0 29z
GA .QQM.& m SPIRWAINSEI]N [ejusuIIadxy
uone-
LIoJueI] "
I3[[OU0D) L] TenSiq [uojzu | doog | dooq s
doo-pasor IajaurereJ 13y 191100 | pasord | uadp are(q -tadxg uonduosa 3sa #3159

AmMPNNg XAYLSV Y3 10§ AI103SIH 1S3 I2AN3URI 3PNINY *(PAU0D) Z-V I[QEL




59

01560 +ZH0S6'I =7 |
60=2 60="®
oy - A_IJNV 06L0°0
uoneneay] 'S0 [euty ¢ X X X ¥6/87/1 I I2ANIUBIN MEBL (€ q9¢
¥6/1¢/1 14
¢S61°0+250L60— 2 ¥6/07/1 €
) v6/61/1 c
T - sz 60'8¢
¢ X ¥6/¥1/1 I ISANBUBIN MEA 0€ 274
T561°0+250L6°0— .2
60=9 ‘60="® T ~ Nv 6052 €6/8/11 4 uonen8ay
uone[n8sy 'sod [eulf ¢ X €6/8/T1 1 uonsod [eutd T
Ts61°0+250L6°0 -, 2
. . u
60=2 '60="® AT Nv%.wN uonenday
uonen8ay 'sod reuty C e X €6/1/21 I uonISO Uty 74
T561°0+250L6°0 ~ 2
60=% '60="®
Sy - Tlxuvmo.wm
uoryen3ay 'soJ [eury z X X €6/1/21 I ISATURIN MEA (€ q¢e?
Ts61°0+250L6°0— 2
I1-.2160°8C
A 4 v €6/€/21 1 IoANaUBN MBL ,(0E ege
A MG g SJUoWRINSeal [ejUdWIadXy
6675 0+Z09SY 11— NN
8g0=7 80="® ? - Nvm_mm ” €6/S1/11 4
uone[n3ay 'sod [eurq 4 X X €6/91/11 1 IdANBUERIN MEX 0 q1z
: ] ‘SJUSWAINSEaJA [ejuaWIadxy
uorjeur
-10jSuRl], #
I3[[onuo) 11 (endiq Tuojzu | dooq | dooq Jusw
doo1-pasord 19jPwere ] 19[NY 3110y | pasord | uadp aeq -radxg uonduiosacg 3say, #1852

amypnng XAULSY Y1 10§ AI0JSTH 1531, I3ANSUEI SPRIMIY “(P.IU0D) T-V 3[qeL



Table A-3. Equilibrium Test History for the ASTREX Structure

Test # Test Description Experi- Date Experi- Mean Mean
ment ment Pitch Roll
# Duration | Euler Angle [ Euler Angle
(sec) (deg.) (deg.)
1 Initial Pitch 1 12/7/93 100.0 -29.24 0.23
Displacement
(around 0° Yaw)
2 Initial Roll 1 12/7/93 160.0 -29.18 0.33
Displacement
(around 0° Yaw)
3 Initial Pitch 1 12/7/93 100.0 -29.15 0.29
Displacement
(around 65° Yaw)
4 Initial Roll 1 12/7/93 160.0 -29.19 0.29
Displacement
(around 65° Yaw)
Table A-4. Pressure Leakage Test History for the ASTREX Structure
Test # Test Description Experi- Date Experi- Initial Pressure
ment ment Pressure Leakage
# Duration (psi) Constant
(sec) (in?/1b-sec1)
1 Zero-Thrust 1 7/15/93 50.0 304.15 6.26e-5
Pressure Leakage
Test
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